Cyclic AMP (cAMP) is known to play a key role in regulating insulin action, and it is well documented that in several cases of physiological insulin resistance its concentration is increased. Since late pregnancy in the rat is associated with liver insulin resistance, we have studied possible alterations of some cellular mechanisms regulating the cAMP metabolism.
INTRODUCTION
During the late phase of gestation in the rat, maternal metabolism of different tissues is modified in order to sustain fetal growth. Thus, despite an increase in plasma insulin concentrations, a state of insulin resistance in liver and peripheral tissues warrants the adequate targeting of substrates to the conceptus [1] . Moreover, this increased transfer of nutrients causes a slight hypoglycaemia in the mother, which is counterbalanced by activation of hepatic glucose production [2] . In fact, it is well documented that rats at term gestation show diminished liver lipogenesis and increased gluconeogenesis, as well as a lesser hepatic glycogen content [3] [4] [5] .
Cyclic AMP (cAMP) has been identified as an intracellular mediator of hormonal effectors such as glucagon, which induce liver gluconeogenesis and glycogenolysis by stimulation of protein kinase A (cAMP-dependent). Activation of this protein kinase has also been shown to mediate the inhibition of insulin signalling at the insulin-receptor level [6, 7] . Concentrations of cAMP within a tissue depend on the rates of formation and degradation, catalysed by hormone-sensitive adenylate cyclase and phosphodiesterase respectively. Adenylate cyclase activity is, in turn, regulated by the stimulatory and inhibitory G-proteins Gs and Gi, which are coupled to different specific cell-surface hormonal receptors, whereas for the phosphodiesterase system a series of regulatory mechanisms has been proposed (see [8] for review). Several insulin-resistant states associated with diabetes mellitus or obesity have been reported to exhibit altered regulation of adenylate cyclase characterized by changes in the expression and functioning of the regulatory G-proteins [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
The aim of the present work was to study the mechanisms controlling the synthesis and degradation of liver cAMP in the late-pregnant rat. Results are discussed with regard to the possible involvement of alterations in these mechanisms in eliciting the liver insulin resistance characteristic of late pregnancy.
MATERIALS AND METHODS Materials
[3H]cAMP (32.9 Ci/mmol), [32P]NAD+ (30 Ci/mmol) and the G-proteins-specific antisera RM/l and AS/7 were obtained from Du Pont-New England Nuclear (Dreieich, Germany). Pertussis and cholera toxins were purchased from List Biological Laboratories (Campbell, CA, U.S.A.). Goat anti-(rabbit IgG)-horseradish peroxidase conjugate was from Nordic Immunology (Tilburg, The Netherlands). cAMP, cAMP-dependent protein kinase, charcoal, triethanolamine, theophylline, glucagon, NaF,
neutral alumina type WN3, Dowex 1 (200-400 mesh), Ophiophagus hannah venom, ATP, GTP, NAD+, dithiothreitol, thymidine, L-arginine and pre-stained molecular-mass standards were all from Sigma. Phosphocreatine and creatine kinase were from Amersham. Reagents for electrophoresis were from BioRad and Serva. All other reagents were of the best grade commercially available.
Animals
Albino Wistar rats fed on standard laboratory chow and water ad libitum were used for the experiments. The presence of spermatozoa in the vagina was assumed to indicate conception, and gestational age was confirmed by the fetal weight. Agematched virgin rats were used as controls [4] . acid. After 10 min at 0°C, precipitated protein was removed by centrifugation at 3000 g for 20 min. The acid was extracted from the supernatant by washing with 6 x 2 vol. of water-saturated ether. Then cAMP was measured as described in [19] . Plasma-membrane preparation Isolation of plasma membranes was performed as described in [20] , by using the proteinase inhibitors phenylmethanesulphonyl fluoride (1 mM), iodoacetamide (5 mM), bacitracin (0.1 mg/ml), trypsin inhibitor (0.1 mg/ml) and benzamidine (0.2 mg/ml) throughout all centrifugations. Membranes were finally resuspended in 50 mM-Tris (pH 7.4)/2 mM-EDTA/1 mM-phenylmethanesulphonyl fluoride at a final concentration of 10-20 mg of protein/ml.
Assay of adenylate cyclase
Adenylate cyclase activity was assayed as described by Houslay et al. [21] . Protein concentration in the assay was 1 mg/ml (100 ,ug/assay).
Assay of cAMP phosphodiesterase cAMP phosphodiesterase activity was measured as described in [22] . Incubations were carried out over periods of 15 min in a final volume of 0.1 ml with 50-60 ,tg of membrane protein at 30 'C. For these assays, membranes were prepared in the absence of EDTA and NaCl throughout the process, in order to avoid losses of the low-Km peripheral enzyme.
ADP-ribosylation
For ADP-ribosylation of membrane proteins, bacterial toxins were preactivated just before use by incubation with 20 mmdithiothreitol for 10 min at 37 'C.
Membranes (100,ug of protein) were incubated in a final volume of 50 ,ul containing 100 mM-potassium phosphate buffer (pH 7.5), 2.5 mM-MgCl2, 1 mM-ATP, 10 mM-thymidine, 10 mm-L-arginine, 100 ug of activated cholera toxin/ml or 45 ,g of activated pertussis toxin/ml, 10 ,uCi of [32P]NAD' (30 Ci/mmol), 1 ,#M-NAD+, 0.1 mM-GTP and 10 mM-NADP+ to inhibit endogenous NAD+ glycohydrolase activity [23] . The reaction was allowed to proceed for 90 min at 30 'C and stopped by addition of 1 ml of ice-cold 100 mM-KH2PO4, pH 7.5.
Membranes were pelleted at 12000 g for 10 min at 4 'C and, after removing the supernatant, were dissolved in Laemmli sample buffer [24] at 100 'C for 5 min. Proteins were separated by SDS/PAGE and radioactive bands were identified by autoradiography of the stained and dried gel, and quantified by integrating densitometric scans.
Immunoblotting of membranes
Samples (30- [8, 25] , we have studied the possible association of pregnancy in the rat with altered levels of liver cAMP. Results shown in Table 1 indicate that in pregnant rats there is in fact an increase in liver cAMP content (30 % and 50 % for 18 and 22 days pregnant respectively) compared with that observed in virgins.
Phosphodiesterase activity of liver membranes Degradation of cAMP is achieved by the phosphodiesterase system, which is composed of multiple isoenzymes differing in kinetic properties, substrate specificity and localization in the cell [8] . Theoretical studies have suggested that low-Km phosphodiesterase bound to the plasma membrane plays a pivotal role in regulating overall and local cAMP concentration changes, even though it represents only some 10 % of the total cellular activity [26] . Moreover, Heyworth et al. [27] have reported the involvement of this enzyme in decreasing hepatocyte cAMP concentration in response to insulin. Table 2 shows the phosphodiesterase activity associated with liver plasma membranes from virgin and pregnant rats, measured at 1 ,yM-cAMP. A significant decrease in this activity is observed at 18 and 22 days of pregnancy relative to that found in virgins, a fact that might contribute to the elevation of liver cAMP concentration during late gestation.
Since the membrane fraction used in these assays was taken from the upper part of the Percoll gradient, it should be essentially free from the more dense microsomal fraction [28] . Consequently, it is unlikely that the 'dense vesicle' phosphodiesterase isotype contributes to the activity found in our membranes. In fact, this isotype is known to be inhibited by cyclic GMP (cGMP), whereas the presence of 2 ,M-cGMP in the assay induces the stimulation of the membrane activity (results not shown).
Adenylate cyclase activity of liver membranes Synthesis of cAMP is catalysed by the plasma-membrane enzyme adenylate cyclase, whose activity is regulated by the Gproteins G. and GU, which mediate the coupling of the enzyme to occupied receptors for stimulatory and inhibitory agonists respectively. Data shown in Table 3 indicate that the basal activity of glucagon to stimulate adenylate cyclase compared with virgin rats (Table 3 ).
The function of the G, protein was studied by analysis of the inhibitory effect elicited by low concentrations of p[NH]ppG on forskolin-stimulated adenylate cyclase activity, as reported by others [29] . As shown in Fig. 1 Changes in adenylate cyclase responsiveness to stimulatory or inhibitory stimuli have been postulated to occur owing to variations in the expression of the corresponding regulatory Gproteins [9, 10, 30] . We have assessed the abundance of the a subunits of G. and G, (a. and ac) in liver membranes by immunodetection, and by specific ADP-ribosylation with cholera and pertussis toxins respectively. Even though these two methods are only semi-quantitative, when used under appropriate conditions they allow comparison of the relative abundance of Gproteins in different membrane preparations. Antibody AS/7 can be used to recognize specifically the a-subunits of transducin (a,z), a,-I and ac-2. Since no detectable aT and a,-1 have been found in liver [11, 29] , this antibody is a valid tool with-which to evaluate the relative abundance of a -2, the G, isoform suggested to be involved in adenylate cyclase inhibition [29] . On the other hand, antibody RM/I recognizes the 42 and allows its quantitative determination. Fig. 2 shows immunoblots of liver membrane proteins resolved by SDS/PAGE, performed with the above-mentioned antibodies. Levels of both as forms in liver membranes from 18-days-pregnant rats are some 111 + 2.50% of that observed in virgins (means +S.E.M., n = 3 different membrane preparations). On the contrary, in membranes from 22-days-pregnant rats a marked decrease in a forms is observed (52 + 18 %; n = 3).
Regarding the ai-2 subunit, pregnancy seems to influence its presence differently, depending on the day of gestation. Thus, whereas 18-days-pregnant rats show a considerable increase in ai-2 compared with virgins (259 + 91 %0; n = 3), the level detected in term-pregnant rats is markedly decreased (54 + 25 %; n = 3). Fig. 3 shows an autoradiogram of the ADP-ribosylated liver membrane proteins resolved by SDS/PAGE. Cholera toxin elicits the specific ADP-ribosylation of two bands whose molecular masses coincide with those of the two cx forms. In agreement with results obtained by immunoblotting, the level of a. appears to be slightly increased in membranes from 18-dayspregnant rats compared with virgins (144 + 38 %; n = 3), but is severely decreased at term gestation (22 +6 %6; n = 3). On the other hand, pertussis toxin catalyses the specific ADP-ribosylation of a protein whose relative electrophoretic mobility coincides with that of ai-2. Surprisingly, relative amounts of this protein in both groups of pregnant rats, detected by ADPribosylation, are considerably decreased (55 + 19 % and 16 + 4 % for 18-and 22-days-pregnant rats, respectively, of values detected in virgins; n = 3), compared with that observed by immunoblotting. This suggests that, during pregnancy, some modification of the ai-2 protein occurs that impedes its ADPribosylation.
DISCUSSION
Although molecular mechanisms responsible for the insulin resistance observed in different physiological situations are not wholly understood, there are some common features to most of the models so far studied. Thus it appears that the insulinreceptor kinase activity is generally decreased, and, on the other hand, there exist tissue-dependent alterations of the cAMP metabolism [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] leading to changes in its cellular concentration.
Late pregnancy in the rat is associated with a marked hepatic insulin resistance, and we have previously reported [31] that liver insulin-receptor tyrosine kinase activity is significantly inhibited in term-pregnant rats.
Here we show that in 18-and 22-days-pregnant rats there is an increase in the liver content of cAMP compared with virgin rats. A similar increment in cellular cAMP was previously reported to occur in alloxan-and streptozotocin-diabetic insulin-resistant rats [8, 25] . Stadtman & Rosen [7] have shown that, in IM-9 cells, agents that increase intracellular cAMP or that directly activate the-adenylate cyclase cause serine and threonine phosphorylation of the insulin receptor and inhibition of its intrinsic tyrosine kinase activity. Haring et al. [6] have also demonstrated that treatment of adipocytes with isoprenaline (an agonist of the adenylate cyclase system) leads to a decreased insulin-receptor kinase activity. Consequently it seems reasonable to postulate that, at the end of gestation in the rat, the observed increment in liver cAMP concentration could cause the inhibition of insulinreceptor kinase and the subsequent impairment of insulin signal transduction.
Increased basal cAMP levels could reflect an increased basal adenylate cyclase activity. Our results show that this is indeed the case in 18-days-pregnant rats, but not in term-pregnant rats ( These results suggest that the ai-2 subunit is somehow modified during pregnancy, making it unable to undergo ADP-ribosylation, and it could be speculated that its function might be impeded by this modification. The former speculation is strongly supported by the data shown in Fig. 1 , which demonstrate the insensitivity of forskolin-stimulated adenylate cyclase to treatment with low concentrations of p[NH]ppG, a feature previously observed in liver from type I diabetic rats [11] , in liver and adipose tissue from genetically diabetic db/db mice [10, 12] , and in liver and adipose tissue from genetically obese Zucker rats [18, 34] . From these data it appears that late pregnancy shares with other insulin-resistant states a common mechanism resulting in the impairment of the ability of Gi to elicit the tonic inhibition of adenylate cyclase. Whether this modification is caused by serinephosphorylation as proposed in [35] remains to be established. Our results do not rule out the possibility that Gi agonists could overcome the impairment of Gp, as discussed in [29] .
Finally, our data shown in Table 2 demonstrate that late pregnancy is associated with a decrease in membrane phosphodiesterase activity, assayed at physiological cAMP concentrations (1 M). Under these conditions, values are likely to reflect mainly the activity of the low-Km membrane peripheral phosphodiesterase, with some contribution of the cGMP-stimulated isotype [36] . Since this activity has been suggested to play a key role in regulating cAMP levels in the cell, and near the plasma membrane [26] , its inhibition will probably be an important factor in elevating the cAMP levels in liver from pregnant rats, especially at term gestation when no obvious stimulation of cAMP synthesis can be observed. Preliminary results suggest that the diminished membrane phosphodiesterase activity found in late-pregnant rats is due to a decreased Vmax without alterations in substrate affinity, which could reflect a decrease in the amount of a particular enzyme isotype. Quantification of the peripheral enzyme by--inuunoblotting will heIp considerably-to clarify this point.
In conclusion, our results show that hepatic cAMP metabolism undergoes changes during late pregnancy in the rat that lead to increased cellular cAMP levels. Concerning the mechanism leading to rises in cAMP, there exist differences between 18-and 22-days-pregnant rats that are probably consequences of the profound hormonal changes that take place in the mother during this final phase of pregnancy. Thus at 18 days of pregnancy cAMP synthesis is stimulated owing to a slight increase in G. levels and to the dysfunction of tonic inhibition elicited by G1, its degradation being partially decreased by inhibition of phosphodiesterase activity. At term gestation, however, both G. and G1 proteins are decreased, and the rise in cAMP level is likely to be due to its decreased degradation rate. The impairment of stimulatory impulse signalling observed in both groups of pregnant rats does not contribute to elevation of cAMP, and probably represents a feedback-regulatory mechanism to avoid a still greater increase in cellular cAMP. From our data it can be concluded that at late gestation some of the mechanisms involved in alterations of the cAMP metabolism in other insulin-resistant states are effective; however, there are also significant differences that might be responsible for the transitory character of these changes in the pregnant rat.
